We report a new atomic layer deposition (ALD) process for yttrium oxide (Y 2 O 3 ) thin films using tris(N,N 0 - 
Introduction
Yttrium(III) oxide (Y 2 O 3 ) exhibits benecial intrinsic properties, that render this material exceptionally useful to be implemented in modern devices, such as micro-and optoelectronics. The high refractive index of n ¼ 2.1 was especially useful for the fabrication of planar waveguides in solid state and high power lasers. [1] [2] [3] Moreover, a high thermal conductivity of 0.27 W (cm K) À1 at 300 K, 4 a high melting point of 2430 C and a high mechanical strength make this material conducive for other solid state applications, 5, 6 such as temperature and wear resistive coatings and hydrophobic house hold coatings. 7 To meet the demands for smaller, yet more effective transistors, the thickness of the functional layers in these transistors has to shrink. To retain the performances of the transistor and hinder tunnelling-effects in the thin dielectric material, high-k gate dielectrics must be employed. Thin lms of Y 2 O 3 are suited as high-k gate dielectrics due to the large intrinsic band gap in the range of 5.5-5.8 eV and high dielectric constant of k ¼ 14-18. For this reason, Y 2 O 3 thin lms were intensively studied in metal oxide semiconductor eld effect transistors (MOSFETs) as the thin high-k gate material. [8] [9] [10] As such microelectronic devices are oen very sensitive to high temperatures, the nanoscaled thin lms have to be dense, conformal, uniform and should be deposited at low temperatures. Atomic layer deposition (ALD) encompasses all the mentioned features and thus, is an indispensable method for some aspects such as gate oxide deposition in the microelectronic industry today, not least because of the possibility to precisely control the thickness at an atomic level. [11] [12] [13] An ideal ALD process is dened by three distinct characteristics: rst, the growth rate should be independent from the precursor pulse time once the saturation of the surface is reached. Second, the lm thickness must be in linear dependence to the number of the applied ALD cycles. Third, in most ALD processes saturation and linear behaviour is observed within a dened temperature regime in which the growth per cycle (GPC) is independent from the deposition temperature (ALD window). For all these features to be realized, the employed chemistry (including the co-reactants) plays a pivotal role. Thus, the right choice of the precursors for the development of an ALD process is of great importance, especially with respect to the reactivity and thermal stability. Several precursors for the ALD of Y 2 O 3 have been reported and among them the most prominent yttrium precursor for ALD can be assigned to the group of b-diketonates, namely [Y(thd) 3 ], (thd ¼ 2,2,6,6-tetramethyl-3,5-heptanedione). Because of the Y-O bonds within this complex, the reactivity towards oxygen functionalities on the surface is very limited. Thus, a strong oxidizing agent such as ozone had to be used as reactive coreactant at high deposition temperatures of 350 C which yielded growth rates of only 0.22Å per cycle. 20, 21 We build upon our recent advances in new ALD process development and here in we report a new water assisted ALD process for Y 2 O 3 thin lms. The ALD characteristics were veried and the deposited thin lms were characterized with respect to their crystallinity, morphology and composition. Furthermore, the optical properties were investigated and rst investigations on the application of Y 2 O 3 as gate oxides in MIS capacitors were performed.
Experimental section
The homoleptic yttrium tris-guanidinate precursor [Y(DPDMG) 3 ] was synthesized in an up-scaled synthesis (10 g) following a previously published procedure by our group. . A 6 mm Ni foil was used to shield the detector from scattered deuterons. The beam penetrates the whole thin lm including the sample. The soware suite SimNRA was used to estimate the concentration of the elements in the thin lm, by using the data obtained by the RBS and NRA measurements. 25 X-ray photoelectron spectroscopy (XPS) analysis of the yttrium(III) oxide thin lms were conducted at the University of Paderborn (UPB). XPS was performed using an Omicron ESCA+ system (Omicron NanoTechnology GmbH) equipped with a hemispherical energy analyzer at a base pressure of <5 Â 10 À10 mbar. Spectra were recorded at a pass energy of 20 eV, leading to a full-width half maximum of the Ag 3d 5/2 peak of 0.77 eV. A monochromatic Al Ka (1 486.7 eV) X-ray source was used, with a spot diameter of 1 mm. The spectra were measured under a take-off angle of 45 , and under irradiation with a low energy electron beam for charge compensation (4.1 eV energy, 5 mA sample current). It should be noted, that only the surface is analysed with this technique with a penetration depth of approx. 5 nm. For the peak analysis, a convolution of Gaussian and Lorentzian line shapes was used aer subtraction of a Shirley background. The Gaussian components were le free in the t; the width of the Lorentzian components was xed to 0.10 eV for the Y 3d peak and 0.13 eV for the O 1s peak. The binding energy (BE) scale was determined by xing the position of the C 1s peak from adventitious carbon to 284.7 eV. Where indicated, removal of the supercial lm layers was done by sputtering with Ar + ions with 2 keV energy for 2 minutes. For the peak analysis, a convolution of Gaussian and Lorentzian line shapes was used aer subtraction of a Shirley background. Atomic force microscopy (AFM) measurements were performed using a Nanoscope Multimode V microscope from Digital Instruments, operating in tapping mode. UV/Vis measurements of 30 nm thin lms deposited on fused silica substrates were carried out using a double beam spectrophotometer (Agilent Cary 5000). Electrical characterisation of the samples was carried out on metalinsulator-semiconductor (MIS) capacitors. For this 20 nm Y 2 O 3 was deposited onto a n + -type Si(100) substrate. Ti/Au (3 nm/70 nm) gate electrodes with a diameter of 50 mm were e-beam evaporated onto the Y 2 O 3 lm surface through a shadow mask. To extract the permittivity of the dielectric material, capacitance-voltage (C-V) measurements were performed using an Agilent E4282 A LCR meter. For the current-voltage (I-V) characteristics of the MIS structures a semiconductor parameter analyzer (Agilent 4156B) was used.
Results and discussion

ALD process optimization
Since the uniformity, conformity and precisely tunable thickness of ALD thin lms is strongly dependent on the self-limiting reactions of the process, a process optimization with respect to the ALD characteristics is necessary. To optimize the ALD process, in order to obtain uniform, dense and high quality Y 2 O 3 thin lms with high growth rates, a series of depositions were performed in which process parameters like the precursor pulse/purge times, the deposition temperature and the number of ALD cycles were varied systematically. The most important characteristic to prove self-limiting ALD behavior is the saturation growth as a function of the precursor pulse length in a dened temperature range. As shown in Fig. 1a , for the saturation study, the precursor pulse length was varied from one to ve seconds, while the other parameters such as the deposition temperature (225 C), precursor purging time (20 s), water pulse length (3 s) and water purging time (30 s) were kept constant.
As can be seen in Fig. 1a , the precursor saturates the surface aer 4 s with a constant GPC of 1.1Å. For longer pulse times, no higher growth rates were obtained if a water purge time of 30 s was applied to ensure a sufficient removal of adsorbed water species (Fig. 1c) . Below 30 s of water purge time, an increased growth rate is observed possibly due to a reaction of additional However, the Y 2 O 3 surface of this process seems to be even more hydrophilic since a water purge time of 60 s was needed for a self-limiting growth. In order to identify the temperature range of self-limiting growth, the substrate temperature was varied from 150 C to
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C. An ALD window ranging from 175 C to 250 C with a GPC between 1.1Å and 1.3Å could be observed. Furthermore, within the ALD window, the density of the resulting lms was found to be between 4.2 g cm À3 and 4.4 g cm À3 , while outside the window it decreases to 4.0 g cm À3 .
Thus, below 175 C the precursor most likely condenses on the substrate, which is corroborated by a higher GPC, a lower density (Fig. 1d ) and the composition of the lms (discussed later, Table 1 ). At 275 C, the precursor tends to decompose which was proven with differential thermal analysis (DTA), in which the decomposition temperature was found to be 267 C (Fig. S2 †) . This decomposition leads to parasitic CVD growth and thus, a strongly increased GPC, a lower density as evidenced in Fig. 1d as well as a non-uniform growth. The variation of the lm thickness as a function of the number of applied ALD cycles was also investigated. As illustrated in Fig. 1b, supported by the results obtained via XRR measurements: The calculated roughness derived via this method is 0.66 nm for a 30 nm thin lm deposited at 225 C (Fig. 2b) Fig. S3 , † where the Y peak can be clearly observed. Overlapping with the silicon substrate signal, an oxygen peak is visible as well, while from NRA only minor carbon and nitrogen contaminations of the thin lms were detected. In Table 1 , the determined composition of the thin lms grown at different deposition temperatures are summarized. Within the ALD window, the thin lms are oxygen rich with an oxygen to yttrium ratio of 2 and low levels of contamination from C ($2-3 at%) and N ($2 at%). The carbon contamination of the thin lms increases with lower temperatures and deviates between 2.0 at% (250 C) and 3.4 at% (175 C). For nitrogen the values vary between 1 at% at 275 C and 3 at% at 225 C, which is not unusual since the errors for the nitrogen content from NRA measurements in this low concentrations tend to be higher than for other elements. Interestingly, for deposition temperatures outside the ALD window of 150 C and 275 C, the carbon contamination rises to 5 at%. This observation is in accordance with our assumption of precursor condensation at lower temperatures and decomposition at higher temperatures with respect to the ALD window temperature. XPS. To gain more information about the chemical composition of the thin lms and chemical binding behavior of the atoms within the thin lm, XPS was performed. For a 30 nm thin lm deposited at 225 C, XPS revealed a Y 2 O 3 lm, that is oxygen rich at the surface and oxygen decient aer sputtering in the bulk of the material. Without sputtering, a high carbon and silicon contamination on the surface could be detected, which is most likely caused by adsorbed residuals because of the contact with ambient conditions. Moreover, the O/Y ratio of the thin lm is 1.8, which is also in accordance with the ratio obtained by RBS/NRA measurements. In the bulk of the thin lm, the ratio of O/Y decreases to 1.24, which is below the theoretical stoichiometric Y 2 O 3 ratio of 1.5 (Table S1 †). The lower O/Y ratio as expected for stoichiometric Y 2 O 3 may be explained by preferential sputtering of the oxides by Ar + . The carbon contamination in the bulk of the thin lm aer sputtering was 2.6 at%, while nitrogen and silicon were below the detectable limit. These values are in accordance with contaminations obtained from RBS/NRA measurements, where the carbon contamination is within the same range as for the XPS measurement at around 2.5 at%. Here, we want to highlight the excellent reactivity of the [Y(DPDMG) 3 ] precursor which seems to have a clean reaction with water to form Y 2 O 3 with volatile byproducts, resulting in only low carbon impurities. In order to get a more detailed look into the binding situation especially of Y and O, the core spectra of the as deposited and the sputtered samples were recorded. The Y 3d and O 1s core level peaks are shown in Fig. 3 . Before sputtering, the O 1s peak shows three components at BE positions of 529.0 eV (assigned to Y-O bonds), 531.6 eV (assigned to Y-OH bonds) and 533.5 eV (assigned to adsorbed water species). [28] [29] [30] The existence of Y-OH bonds and adsorbed water species is in accordance to the ALD process, which ended with a water pulse and purge and thus, reactive hydroxyls can remain on the surface (Fig. 3a) . This observation was also proven with contact angle measurements: the contact angle of as deposited thin lms was in a range of 10 , which corresponds to a strongly hydrophilic surface. The Y 3d core level peak shows two different contributions, identied by two doublets. The spinorbit doublet components were tted with a xed separation of 2.05 eV between the 3d 5/2 and 3d 3/2 components, and an intensity ratio between 3d 3/2 and 3d 5/2 of about 0.7. The Y 3d 5/2 component with BE at 156.7 eV is assigned to Y-O. A second component appears at 157.9 eV, which is assigned to Y-OH. A weak signal is also visible at around 153 eV, associated to the Si 2s peak of adsorbed silicon species (2.6 at% of Si was detected on the as-introduced sample), probably originating from adsorption of silicon grease during transfer of the sample to the spectrometer. 28, 29, 31 The C 1s peak reveals three different contributions at 284.7 eV (carbon, C-H, major), 285.9 eV (C-OH, minor) and 289.2 eV (O-C]O, minor) as depicted in Fig. S5 , † attributed to adventitious carbon (the carbon amount in the sample as-introduced was 35.4 at%).
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Aer sputtering, only Y, O and a small amount of C are present on the sample surface. The O 1s core level peak reveals only two different contributions at 529.1 eV and 531.3 eV, assigned as before to Y-O and Y-OH bonds respectively. Interestingly, the intensity of the contributions is the opposite to that . While these carbon impurities are detectable in the bulk of the lm, they are minor and correspond to a concentration of 2.6 at% in the overall composition of the lm.
Functional properties
Optical characterization. Y 2 O 3 can be used as high-k gate oxide in MOSFETs and thus, the band gap is of high importance. Therefore, the optical properties were investigated by performing UV/Vis spectroscopy (Fig. 4a) to get an estimate of the band gap energy (E g ) via a Tauc plot representation (Fig. 4b) . The permittivity is derived from the maximum capacitance in the accumulation regime, where the series capacitance of the depletion zone is negligible, and the measured value corresponds to the capacitance of the insulating layer. Taking into account a 2 nm thick native SiO 2 lm on top of our n + -Si substrate, we estimated a permittivity of 11. This value is line with the data reported by other groups on atomic-layer deposited Y 2 O 3 . 15, 16, 18 The C-V characteristics (Fig. 5) show anticlockwise hysteresis of about 1 V, which can be explained by the presence of trap states, e.g. rechargeable oxide traps. Flat-band voltages of 2.2-2.4 V indicate a non-negligible amount of negative xed charge within the lm. 33 We assume an increased -OH content in the Y 2 O 3 lm which was proven by XPS studies and that occurs since no provisions were made to prevent water penetrating from the atmosphere aer the ALD process. Prior to C-V studies, the leakage current of the MIS devices was measured. Fig. 6 shows the current density J as a function of the applied electrical eld E for several devices. All lms show a high breakdown eld between 4.0 and 7.5 MV cm À1 and a low leakage current density of about 10 À7 A cm À2 at 2 MV cm À1 .
This makes the developed ALD process for Y 2 O 3 attractive for the fabrication of a gate-dielectric in transistor structures and due to the low process temperatures even applicable on exible polyimide foils.
Conclusions
The application of yttrium tris-guanidinates for ALD of Y 2 O 3 thin lms is a rst example and this was possible owing to the high reactivity of the all-nitrogen coordinated guanidinate ligands towards OH functionalities. Thus, we have successfully demonstrated a promising ALD process for Y 2 O 3 which was solely water driven avoiding the use of strong oxidants like ozone generally used for metal oxides. This underlines the importance of identifying suitable precursors to be employed in an ALD process. The crystallinity of the Y 2 O 3 lms deposited at low temperatures and with low thickness can also be accounted for the high reactivity of the precursor towards water. Typical ALD characteristics in terms of ALD window, saturation behaviour, linear thickness dependence was conrmed under optimised process conditions, and the resulting Y 2 O 3 lms were homogeneous and smooth. From the electrical measurements on MIS capacitor structures, the obtained low leakage currents (10 À7 A cm À2 at 2 MV cm À1 ), permittivity of 11 and high electric breakdown elds (4.0-7.5 MV cm
À1
) exemplify the high quality of the Y 2 O 3 lms obtained from the new ALD process developed in this study. Thus, this process is strikingly interesting for high-k dielectrics in transistor structures. Due to their oxygen rich surface, thin lms of Y 2 O 3 deposited with this process could be envisaged as passivation layer in metal oxide thin lm transistors (MOTFT), to enhance their stability and improve their electrical performance which we are currently investigating.
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